A meso oscillatory flow reactor (meso-OFR) was successfully applied for the precipitation of hydroxyapatite (HAp) nanoparticles. Mixing efficiency of the mesoreactor operated batchwise in a vertical tube was evaluated at constant power density, by monitoring variation of hue values upon mixing both spatially and temporally. The best operating conditions for fast mixing and a more homogeneous reaction medium were verified for f 5 0.83 Hz and x 0 5 4.5 mm. HAp precipitation was then carried out under these conditions at 37 C for different mixing Ca/P molar ratios. HAp nanoparticles with a mean size (d 50 ) of about 67 nm and a narrow size distribution were obtained. Furthermore, the obtained results show the advantages of the meso-OFR over a stirred tank batch reactor due to the production, about four times faster, of smaller and more uniform HAp nanoparticles.
Introduction
Hydroxyapatite (HAp), Ca 5 (PO 4 ) 3 OH, has been extensively used in bone replacement applications due to its biocompatibility, bioactivity, and osteoconductivity. 1 In this context, it is desirable that HAp crystals meet specific requirements such as high specific surface area (favored by small crystal size), narrow size distribution, and high purity, in order to optimize bone-related cells growth around them. 2, 3 HAp is usually prepared by precipitation from solution in stirred tank batch reactors. 4 In this type of system, inhomogeneous distribution of the mixing power and energy within the process volume leads to a heterogeneous distribution of supersaturation in the reaction medium, thus affecting crystal size distribution and chemical purity of the particles precipitated. The problem becomes magnified as the scale of operation increases and can be particularly pronounced in fast precipitation systems. 5 This calls for the development of a system that provides an efficient and intense mixing.
In recent years, oscillatory flow reactors (OFRs) have been extensively studied in chemical engineering processes, namely in crystallization. 6, 7 OFRs have been proved to result into significant enhancement in processes such as mass transfer, 8 particle mixing, and separation. 9 The basic concept of an OFR is the application of periodic fluid oscillations to a cylindrical column containing evenly spaced orifice baffles.
was redesigned to suit some of the bioprocess applications requirements. 10, 13, 14 The reactor is a mesoscale (milliliter) device with smooth periodic constrictions, thus reducing reagent requirements and waste. 10 It can also be easily scaled up to the industrial level. 15 In that way, the meso-OFR appears as a good candidate to promote ideal conditions for the controllability of HAp particles properties.
Imaging-based and colorimetric techniques for crystallization monitoring have been investigated, in particular, for the evaluation of growth kinetics [16] [17] [18] [19] and mixing. 20 The present work focuses on mixing and pH monitoring, as both are key parameters when studying calcium phosphates precipitation. On one hand, mixing effects are significant in determining the distribution of supersaturation and subsequently in determining the product properties (purity, morphology, size, and size distribution), 21 as fast or very fast chemical reactions are often involved in precipitation systems. Conversely, pH is an important parameter in determining the likelihood of the formation of calcium phosphate phases. 22 The influence of pH in the formation of calcium phosphates is linked to the properties of phosphate containing solutions. Due to the triprotic equilibrium in these systems, variations in pH alter the relative concentrations of the four protonated forms of phosphoric acid and thus both the chemical composition and the amount of the CaP formed by direct precipitation. 23 As to the evaluation of the mixing performance, global measurement optically based methods offer many advantages over local measurement probes, namely the capability to identify the unmixed zones and to measure the end point of the intimate mixing in the whole reactor. 24 Further, they are nonintrusive and they do not perturb the flow. 24 In the present work, mixing was monitored by "color" measurements. 25 The technique uses the hue instead of the intensity (or brightness), enabling the use of multiple colors in a manner not possible with traditional methods that use grayscale or a specific color channel, for example, the red component of the RGB color space. 24 Concerning pH monitoring, conventional glass-type electrodes have been widely used. However, they possess several constraints when implemented in scaled-down reactors due to their size, rigidity, inflexibility, 26 and response time. The methodology used in this work for pH monitoring attempts to address part of these limitations. pH was estimated on the basis of the changes in solution absorbance. The absorbance spectra were recorded with an optical fiber.
This article reports on the feasibility of a meso-OFR to improve the precipitation process of HAp under nearphysiological conditions of temperature and pH, particularly important when preparing HAp for medical purposes. Indeed, it is important to follow specific criteria for pH and temperature in order to promote more conductive conditions for the survival of bone-related cells.
1 First, mixing efficiency of the mesoreactor operated in batch in a vertical tube at a constant powder density (31.5 W Á m 23 ) was evaluated by monitoring the hue. HAp precipitation process was then studied for different mixing Ca/P molar ratios (1.00, 1.33, and 1.67), where pH was continuously monitored. Experiments were performed under the same conditions of temperature (37 C), reactants concentration, and power density applied in a stirred tank batch reactor. 27 The constant power density applied to both reactors was used as the reference criterion. The effectiveness of both mixing methods for a given power input was evaluated in terms of reaction time and characteristics of the precipitated particles.
Materials and Methods

Description of the experimental set-ups
Meso-OFR. The mesoreactor consists of a 35 cm long and 4.4 mm internal diameter glass jacketed tube provided with smooth periodic cavities, with an averaged baffle spacing of 13 mm and a baffle thickness of 6 mm. 10 The diameter on the constricted zone (baffle internal diameter) is 1.6 mm, leading to a baffle free area of 13%. 10 The reactor has an approximate volume of 4 mL.
The fluid was oscillated using a piston moved by a stirring motor (R100C, CAT). The oscillating system was purposely designed. Oscillation amplitudes and frequencies were ranging from 1 to 4.5 mm and 0.83 to 3.67 Hz (50 to 220 rpm), respectively. Values of the amplitudes correspond to the center-to-peak amplitude and these measurements were performed in the tube without constrictions.
Experimental Apparatus for Evaluation of Mixing and HAp Precipitation. The experimental set-up used for studying the mixing efficiency of the meso-OFR and HAp precipitation is presented in Figure 1 .
The reactants were fed into the set-up one at a time by means of a syringe pump (NE-4000), using syringes of 5 mL (BD Plastipak). Temperature inside the meso-OFR was regulated by a thermostatic bath maintained at 37 C. Experimental Apparatus for pH Monitoring. As pH is a crucial parameter in HAp precipitation and given the small dimensions of the reactor, monitoring of pH was done with an optical fiber. It allowed monitoring pH variation over time during HAp precipitation process. It must be pointed out that the resulting HAp crystals cannot be used for characterization due to the use of a chemical pH indicator in this process. So, this apparatus was only used to obtain the pH profile during HAp precipitation.
In order to validate this methodology, the pH of the final suspensions was measured using a pH microelectrode (SenTix Mic-D, WTW) and compared with the final values obtained using an optical fiber system. The experimental setup used for pH monitoring is presented below (Figure 2 ). In-line pH value was obtained from the absorbance measured via an optical microprobe (reflection probe, tip 1.5 mm, FCR-7UV200-1.5x100-2, Avantes, Eerbeek, The Netherlands) connected to a multichannel optic spectrometer system (Avantes, Eerbeek, The Netherlands). The probe was installed at the outlet of the meso-OFR, perpendicularly to the flow direction into a 4-mm internal diameter in-line flow cell with white walls (Swagelok) covered by black adhesive tape ( Figure 2 ). Readings were taken every 2 s.
The meso-OFR was completely covered by an aluminum foil to reduce the noise due to ambient light.
Mixing efficiency of the meso-OFR operated in batch mode for a power density of 31.5 W Á m
23
Mixing efficiency of the meso-OFR operated in batch was evaluated under the same conditions of power density (31.5 W m
) applied in a stirred tank batch reactor. 27 The power density of the stirred tank batch reactor was estimated through the following equation
where P/V is the power density (W m 23 ), q is the fluid density (kg m 23 ), N is the speed of the stirrer (s 21 ), D s is the diameter of the stirrer (m), D t is the diameter of the tank (m), and L is the height of the tank (m) and N P is the dimensionless power number of the stirrer. The final power density was determined multiplying the power density by the number of agitators that, according to the configuration of the stirrer used is 16.
27
Regarding the power density of the meso-OFR, it was estimated from The parameters needed to determine the power density of both reactors are presented in Table 1 . The fluid density of water was used as the solutions used are low concentrated aqueous solutions. As to the power number of the stirrer (N P ), it was estimated based on the stirrer design and on the relationship between the power number (N P ) and the Reynolds number (Re) for Newtonian liquids. 29 Concerning the parameters of the meso-OFR, values are based in Reis work. 
Meso-OFR 76.92 993.329 0.13 0.6 --Through Eq. 2, it is possible to obtain a relation between the oscillation amplitude (x 0 ) and the frequency of oscillation (f) for a given power input. One of the parameters (x 0 or f) was fixed in order to determine the other one. According to this, three different mixing conditions were defined: f 5 3.67 Hz and x 0 5 1 mm; f 5 1.67 Hz and x 0 5 2.25 mm; f 5 0.83 Hz and x 0 5 4.5 mm.
Mixing performance was evaluated using a colorimetric technique by measuring the hue, enabling thus the use of multiple colors. This method has been developed by Rezk et al. 25 to evaluate the mixing performance of paper-based microfluidic systems. They proposed hue instead of intensity (or brightness) as an independent means to quantify mixing. In fact, each color is characterized by a base hue value, independently of intensity, and hence independently of the method and consistency of the illumination. 25 Although traditional colorimetric methods are based on grayscale or a specific color channel, for example, the red component of the RGB color space, 25 this technique enables the use of multiple colors. In addition, the method provides the ability to dynamically track the progression of the color change both in space and time without requiring a large color contrast as required when using grayscale analysis. Moreover, the hue values vary linearly with the color scale, making it a robust method under different lighting conditions.
A camera (SONY Cyber-shot DSC-H10) was used to photograph the fluid inside the meso-OFR at different time intervals. Hue of the fluid was determined at four specific locations ( Figure 3 ) by specific software (NIS-Elements) for the different mixing (f and x 0 values) conditions defined.
Two buffer solutions, (NH 4 )H 2 PO 4 (0.2 mol Á L 21 ) (Merck) and NH 3 (0.1 mol Á L 21 ) (Pronolab), were prepared. A pH indicator, bromothymol blue 1g Á L 21 (Panreac), was added to both solutions (2 mL per 100 mL of solution), resulting with two solutions of different colors, one yellow corresponding to the acidic solution, and one blue corresponding to the basic solution. The average hue of each buffer solution, as well as of the resulting solution of the mixture in equal amounts of the two buffer solutions, were estimated. For that, the solutions were fed into the meso-OFR (Figure 1 ) and their corresponding hue was estimated based on the average of the hue values measured at different locations ( Figure 3 ). The yellow solution has a hue of approximately 33.52 and the blue solution has a hue around 142.06. The solution resulting from the mixture in equal amounts of the two buffer solutions has a hue of approximately 70.95, corresponding to a green solution and will be referred as "Green Hue" in the rest of the text. Mixing efficiency of the meso-OFR operated in batch was then evaluated by the mixing of equal amounts (2.8 mL) of the buffer solutions under different mixing conditions (f and x o values defined previously). The basic solution was first injected slowly, to avoid the formation of bubbles inside the mesoreactor, and then the acidic solution injected rapidly (3 to 4 s), in order to simulate the HAp precipitation process studied.
Monitoring of pH
Monitoring of pH was performed in the experimental apparatus presented in Figure 2 . The optical response of the microprobe was calibrated by running several solutions with different pH values. For that, 0.5 L of equimolar (0.01926 mol L 21 ) calcium hydroxide (Riedel-de Ha€ en, 96%) and orthophosphoric acid (Pronalab, 85%) aqueous solutions were prepared, 1 mL of bromothymol blue (1g L 21 ) (Panreac) being added to each solution. Then, several solutions with different pH were prepared by mixing the dyed calcium hydroxide and orthophosphoric acid aqueous solutions in different proportions. Afterward, the resulting solutions were injected in the meso-OFR for the measurement of the absorbance.
The addition of bromothymol blue allows monitoring the changes of pH through the measurement of the absorbance. Bromothymol blue has two peaks of absorption, one at 430-435 nm for acidic solutions and one at 615-618 nm for basic solutions. In this study, the pH varies between approximately 6 and 12, therefore, it was only used the information relative to the blue absorption peak (615-618 nm).
Three parameters were measured simultaneously: Spectrum in the visible k 5 400-700 nm; F 1 5 Ð 620nm 610nm AðkÞdk, which corresponds to the blue absorption peak; F 2 5 Ð 700nm 690nm AðkÞdk, which corresponds to a "neutral" zone; where k is the wavelength and A(k) is the light absorbance.
F 2 was measured in order to monitor the noise. F 1 -F 2 (Abs) corresponds to the parameter used for the construction of the calibration curve. The experiments were carried out at 37 C and repeated three times. The reference blank used was ultrapure water. Experiments showed that the relation between absorbance (Abs) and pH is linear only for pH between 6.3 and 8.
pH of the final suspension was also measured by a pH microelectrode (SenTix Mic-D, WTW) in order to compare with the final values obtained from the absorbance measurement.
It is important to mention that this methodology was used exclusively for pH monitoring. Due to the use of the pH indicator, bromothymol blue, crystals obtained cannot be used for characterization. Indeed, bromothymol blue can affect the composition of the resulting precipitated HAp particles.
Precipitation of HAp
To facilitate the dissolution of calcium hydroxide, the solution was agitated in a closed vessel for 24 h at 500 rpm and at 25 C, as its solubility decreases with temperature increase. 30 Then, both reactants were heated and kept at 37 C. The precipitation process was carried out under the same conditions of temperature (37 C), reactants concentration, and power density (31.5 W Á m 23 ) used in a stirred tank batch reactor. 27 Further, HAp precipitation was studied for three different mixing Ca/P molar ratios, 1.00, 1.33, and 1.67 (Table  2 ). Equal volumes (2.8 mL) of reactant solutions were injected. The calcium hydroxide aqueous solution was first injected slowly in the mesoreactor (Figure 1 ) in order to avoid the formation of bubbles in the system. The orthophosphoric acid aqueous solution was then injected rapidly (3-4 s).
Powder Characterization. Samples were withdrawn at the outlet of the mesoreactor, centrifuged (at 1500 rpm for 5 min), washed twice with ultrapure water and kept in pure ethanol (Koptec 200 proof pure), which stops the solid-liquid reaction. 31 The powders obtained were then characterized by X-ray diffraction (XRD) (PanAlytical X'Pert PRO Alfa-1 diffractometer with kCuKa 5 1.54056 Å ), Fourier transform infrared spectroscopy (FTIR) (Bomem MB-154S), and scanning electron microscopy (SEM) (FEI Quanta 400FEG ESEM/EDAX Genesis X4M with an accelerating voltage of 15 and 20 kV), where samples were covered by a 10 nm layer of gold. For particle size distribution (LS 230, Beckman Coulter), suspensions were collected at the end of each experiment and directly analyzed. As to the Ca/P molar ratio of the final product, total phosphorus was quantified by the ascorbic acid method (spectrophotometer PG Instruments, T60 UV/VIS) and calcium was measured by atomic absorption spectroscopy (spectrometer GBC 932Plus).
Results and Discussion
Mixing study in the meso-OFR operated in batch mode Hue was measured over time at different locations in the meso-OFR (see Figure 3) and at different mixing conditions. The average values are presented below, being the "Green Hue" the hue value that corresponds to the hue of the solution when the two buffer solutions used are completely mixed.
The results obtained (Figure 4) allow to evaluate the mixing efficiency inside the meso-OFR for the different experimental conditions studied, although in some cases the error bars (corresponding to the standard deviation of each measurement) associated to the hue values are significant, particularly at the bottom of the reactor. Based on Figure 4 , it is possible to verify that for f 5 0.83 Hz and x 0 5 4.5 mm, hue values measured at each location rapidly converge to the "Green Hue" value and remain close to this value over time. In relation to the two other cases, it takes longer for the two buffer solutions to mix completely. For f 5 3.67 Hz and x 0 5 1 mm the solutions remain almost unmixed, as hue values at each location except at the bottom of the reactor, practically do not change. Therefore, the best conditions for fast mixing and a more homogeneous reaction medium were assumed to be obtained for f 5 0.83 Hz and x 0 5 4.5 mm.
Precipitation of HAp
Based on the results presented above, precipitation of HAp was carried out in the meso-OFR operated in batch under f 5 0.83 Hz and x 0 5 4.5 mm.
Monitoring of pH. As mentioned before, pH is an important parameter in determining the likelihood of the formation of calcium phosphate phases. 22 Therefore, pH variation over time during HAp precipitation was monitored ( Figure 5 ).
It is important to refer that pH values (see Figure 5 ) can only be considered for pH < 8, as calibration curve Abs vs. pH was only linear for pH values between 6.3 and 8. Figure  5 shows that for the mixing Ca/P molar ratios 1.00 and 1.33, pH starts to decrease from approximately 500 s and stabilizes at approximately 2000 and 2500 s, respectively, reaching 6.3 and 6.5, respectively. As to the mixing molar ratio Ca/P 5 1.67, pH decreases slowly over time and approaches 7 at approximately 5000 s. Variation of pH over time allows to follow the precipitation reaction, being pH stabilization an indication of the completion of the majority of the reaction. From Figure 5 , one can verify that the reaction time increases with Ca/P molar ratio.
According to Table 2 , the agreement between final pH values obtained in Figure 5 and final pH values measured by the microelectrode is quite good. Errors bars provide the standard deviation of each measurement.
Phase Identification. Figure 6 shows that single-phased HAp was synthetized for the mixing Ca/P molar ratios 1.33 and 1.67. Diffraction patterns of the prepared powders match well with the diffraction pattern of a reference HAp (JCPDS 9-0432) and a commercial HAp (Spectrum, minimum 40 meshes). However, broader peaks are exhibited, suggesting the presence of amorphous phases or considerably small size particles, 22, 23 which is similar to natural bone. 22 Concerning the XRD pattern of the particles that were obtained for the mixing molar ratio Ca/P 5 1.00, one can notice the presence of peaks assigned to other calcium phosphates, namely dicalcium phosphate dihydrate (DCPD or brushite) (JCPDS 9-0077). In fact, under weakly acidic aqueous environments (pH 4-6), equilibrium conditions can lead to the formation of the brushite phase. 32 Further, brushite grows faster than HAp, 33 the kinetic factors prevailing over the thermodynamics. Sharp and high intensity peaks at 28 2h and 40.5 2h, assigned to potassium chloride, are observed in the diffraction patterns of the products obtained with the mixing Ca/P molar ratios 1.00 and 1.67. This may be explained by the occlusion of KCl. Indeed, part of the mother liquor could have been trapped between the aggregates, and the KCl contained in the mother liquor crystallized at the drying step.
Based on peaks identified (Figure 7) , the synthesis products have a typical apatite structure. Bands of t 3 PO 4 32 mode (around 1037 cm 21 ) and t 1 PO 4 32 mode (around 962 cm 21 ) are clearly exhibited in all the spectra, although it is difficult to detect the peak related to t 4 bending mode of PO 4 32 . The broad peak, from approximately 3700 to 3000 [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] cm 21 , and the peak at 1643 cm 21 (bending mode, t 2 ) are assigned to the adsorbed water. This may be justified by the low drying temperature (60 C) and the absence of a ripening (ageing) treatment. [34] [35] [36] The peaks assigned to the vibrational mode of OH 2 (around 630 cm 21 ) and to the stretching mode of OH 2 (around 3571 cm
21
) are also present, although not well resolved. In the case of the peak assigned to the stretching mode of OH 2 , this is due to an overlap with the broad band of the adsorbed water (around 3700 to 3000 cm 21 ). 37 Regarding the vibrational mode of OH 2 , the reason why the peak is not clearly visible may be explained by the presence of carbonate ions. 38 Bands at 1454 and 1428 cm 21 are indicative of the carbonate ion substitution 35 and are especially observed in the spectrum of the precipitate obtained for the mixing Ca/P molar ratio 1.67, as alkaline solutions readily absorb CO 2 . 34 The presence of these bands is characteristic of a carbonated HAp of B-type, where the carbonate ions occupy the phosphate ions sites. 34, 36 The small band around 875 cm 21 can be attributed to the vibrational frequencies of carbonate ions or HPO 4 22 group, 35 which is consistent with a carbonated HAp or calciumdeficient HAp. The noise observed in the commercial HAp spectrum (1800 to 1400 cm 21 ) is due to water vapor. Precipitates were also characterized in terms of their final Ca/P molar ratio (see Table 2 ). According to Table 2 , precipitates are nonstoichiometric HAp, as their molar ratio is different from the stoichiometric value. The product obtained for the mixing Ca/P molar ratio 1.67 seems to be calcium deficient HAp, once its Ca/P molar ratio is lower than 1.67. Actually, HAp is a compound with a variable composition existing over Ca/P molar ratios from 1.67 for stoichiometric to $1.5 for fully calcium deficient HAp, 22 and sometimes even outside this range. 39 Regarding the Ca/P molar ratio of the final product obtained for the mixing Ca/P molar ratio 1.33, it is higher than the stoichiometric value showing, therefore, the formation of a carbonated HAp of B-type. 1, 38 Particle Size, Size Distribution, and Morphology. According to Figure 8 , particle size distributions for all the mixing molar ratios studied are similar. The as-prepared particles mainly consist in particles at the nanometer range with a mean size of about 67 nm. Particles are, therefore, of the same order of magnitude of the commercial HAp particles (Spectrum, minimum 40 meshes), originally submitted to granulometric separation. It is very important to underline that particles produced were directly obtained from the experimental system without thermal treatment and without granulometric separation. Besides, the results reveal that this distribution is narrower for particles formed in the meso-OFR than for the commercial powder.
SEM images ( Figure 9 ) corresponding to particles obtained for the mixing molar ratio Ca/P 5 1.00 show two types of crystals: crystals that exhibit well defined platelet morphology and a smooth surface, with an average crystallite size around 10-20 mm, and aggregated plate-shaped crystals with crystallites at the nanometer range. The well-defined platelet morphology is characteristic of DCPD 37, 40 and the nanocrystallites are characteristic of HAp. 41 As mentioned before, DCPD could also be precipitated in the present operating conditions. DCPD, which easily forms a plate-shaped crystal morphology, 41 could then be transformed into HAp by maintaining the plate-shaped particle morphology. Concerning the mixing Ca/P molar ratios 1.33 and 1.67, powders mostly consist of crystals exhibiting a plate-like (predominant) and rodlike morphology with typical sizes in the nanometer range, being in agreement with the literature. According to Neira et al., 42 phase-pure HAp products can be characterized as either rod-like (whiskers, needles, wires, fibers, etc.) or platelike. Further, the precipitated particles for the mixing molar ratio Ca/P 5 1.67 seem slightly bigger and have a welldefined morphology when compared to the precipitated particles for the mixing molar ratio Ca/P 5 1.33.
Based on the results presented above, the mixing molar ratio Ca/P 5 1.33 was chosen for the continuation of the work, once stable HAp nanoparticles were generated faster and under near-physiological conditions of temperature and pH. This is particularly important when preparing HAp for medical purposes. Indeed, it is important to follow specific criteria for pH and temperature in order to promote more conductive conditions for the survival of bone-related cells. 1 Comparative study of HAp precipitation for the meso-OFR operated in batch and a stirred tank batch reactor HAp nanoparticles prepared under the optimized experimental conditions in a stirred tank batch reactor 27 and in the meso-OFR operated in batch were compared. HAp precipitation process was carried out in both reactors under the same conditions of temperature (37 C) , mixing Ca/P molar ratio (Ca/P 5 1.33), and power density (31.5 W Á m 23 ). The constant power density applied to both reactors was used as the reference criterion in this comparative study. Despite mixing mechanisms being different in each system, and thereby hydrodynamic conditions being not directly comparable, this criterion is quite informa- Figure 7 . FTIR spectra of the particles produced for different mixing Ca/P molar ratios. Figure 8 . Particle size distribution in number and parameters of the particle size distribution in number of the particles produced for different mixing Ca/P molar ratios.
tive, because it enables assessing the effectiveness of both reactors for a given power input, in terms of reaction time and quality of the precipitated particles. According to Figure 5 , pH stabilizes at approximately 2500 s in the meso-OFR, whereas in the stirred tank batch reactor pH stabilizes around 10000 s, meaning that the majority of the precipitation reaction is completed about four times faster in the meso-OFR.
The diffraction patterns (see Figure 6 ) indicate that the HAp prepared in the stirred tank batch reactor is singlephased HAp with low crystallinity degree compared with the diffraction pattern of the HAp prepared in the meso-OFR operated in batch. This result is also confirmed by the FTIR spectra. Based on Figure 7 , HAp prepared in the stirred tank is more amorphous, as its spectrum exhibits broader peaks, especially phosphate characteristic bands at 900-1200 cm 21 . Besides, carbonate contamination seems to be minimized in the meso-OFR, as carbonate bands at approximately 1454 and 1428 cm 21 are barely detected in the spectrum of the powder obtained in the meso-OFR (see Figure 7) . [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
Based on particle size distributions (Figure 8) , as-prepared HAp particles are mainly composed by primary particles at the nanometer range, in both the meso-OFR and the stirred tank. Further, it is possible to confirm that HAp particles prepared in the meso-OFR have a smaller primary particle size and a narrower size distribution when compared with the size distribution of HAp particles prepared in the stirred tank. Figure 9 reveals the characteristic morphology of precipitated HAp particles produced in each reactor. It can be observed that HAp nanoparticles prepared in the stirred tank reactor show typical rod-like shape, whereas HAp nanoparticles prepared in the meso-OFR mostly consist in plateshaped HAp particles, although some particles appear to be rod-like shaped.
In short, this work showed the feasibility of using a meso-OFR for process intensification for HAp nanoparticles production. By comparison with a stirred tank reactor, the proposed meso-OFR has the capacity of yielding HAp nanoparticles about four times faster. Further, the mesoreactor yielded HAp particles with improved characteristics, namely higher crystallinity, smaller size, and narrower size distribution. Moreover, the meso-OFR is a mesoscale (milliliter) device, thus reducing reagent requirements and waste generated.
Conclusions
Precipitation of HAp was investigated in a vertical meso-OFR operated batchwise under near physiological conditions of pH and temperature. Mixing efficiency of the meso-OFR under batch operation was first evaluated. Values of f 5 0.83 Hz and x 0 5 4.5 mm were proved to be the best operating conditions for fast mixing and more homogeneous reaction environment, that is, conditions that favor the formation of small and uniform HAp particles with consistent characteristics. Precipitation of HAp was then carried out for different mixing Ca/P molar ratios, formation of single-phased calcium-deficient and/or B-type carbonated HAp being confirmed for the mixing Ca/P molar ratios 1.33 and 1.67. It also has been shown that for the mixing molar ratio Ca/P 5 1.33, stable HAp nanoparticles were obtained at a pH close to 7, which is particularly important in the preparation of HAp for medical purposes.
Constant power density was used as the reference operation criterion applied to the meso-OFR operated in batch and to a stirred tank batch reactor. This enabled comparing the performance of both reactors, in terms of reaction time and quality of the precipitated particles, for a given power input. Based on the aforementioned results, it was concluded that the reactor type affects crystallinity, carbonate content, morphology, size, and size distribution of the as-prepared HAp nanoparticles. In the proposed meso-OFR, operated under oscillatory flow, HAp nanoparticles were generated about four times faster than in the stirred tank batch reactor operated under a similar power density. Further, HAp particles showed improved characteristics, namely higher crystallinity, smaller size, and narrower size distribution. Therefore, the meso-OFR proved to be more efficient in the production of HAp nanoparticles while also rendering the process cleaner and safer due to the reduction of waste generated and reagents requirements, making it an interesting tool for high throughput experimentation.
Finally, we believe that even if the reactor studied in this work does not represent a full scale production unit, it may be a useful contribution to the development of a platform for the production of valuable and high-quality HAp nanoparticles. Literature Cited
